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Obesity contributes to stress induced impairments in endothelium-dependent vasodilation 
(EDV), a precursor to atherosclerosis. Since obesity is associated with inflammation 
and oxidative stress, we sought to determine if a single bout of strenuous weight 
lifting (SWL) reduces EDV among sedentary obese adults. Participants included 9 obese 
(OB) (BMI 30.0-40.0 kg/m 2 ) and 8 lean (LN) (BMI 18.5-24.9 kg/m 2 ) sedentary young 
women. All participants underwent a single bout of SWL using a progressive leg-press 
protocol. Brachial artery flow-mediated dilation (FMD) (an index of EDV) was determined 
using ultrasonography before and after SWL. Sublingual nitroglycerin (NTG) was used to 
determine brachial artery endothelium-independent vasodilation following SWL. Brachial 
artery FMD was significantly reduced in OB and LN women (LN: 6.4 ± 1.6%, p= 0.22) 
after SWL. There was no difference in the magnitude of change pre- and post-SWL 
between groups (OB: -2.4 ± 0.6% and LN: -2.2 ± 1 .6%, p = 0.84). Dilation to NTG was 
lower in OB (21.6 ± 1.3%) compared to LN women (27.6 ± 2.1 %, p = 0.02) and associated 
with body weight (r = —0.70, p = 0.01 ). These data suggest that EDV is reduced in woman 
after acute resistance exercise. Dilations to NTG were lower in obese compared to lean 
woman and associated with body weight suggesting that changes in sensitivity of blood 
vessels to NO occurs during obesity. These findings may be important for understanding 
vascular risk following acute exercise in obesity. 
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INTRODUCTION 

Rates of overweight and obesity have reached epidemic propor- 
tions (Flegal et al., 2012) with currently 2 in 3 adults either over- 
weight or obese. In fact, atherosclerotic cardiovascular disease 
(CVD) is the third leading cause of death among women between 
the ages of 25 and 44 and obesity independently contributes to 
increased risk in this particular demographic (Mosca et al., 1997). 
Vascular dysfunction may play a pivotal role in the development 
of atherosclerosis in obesity (Sturm et al., 2009). Increased body 
fat is associated with increased reactive oxygen species production 
(ROS) (Anfossi et al, 2010) and impaired nitric oxide (NO)- 
mediated endothelium-dependent vasodilation (EDV) (Al et al., 
2001). While impaired endothelium-independent dilation (EID), 
indicative of smooth muscle dysfunction, is also linked to the 
development of atherosclerosis, most research suggests that it is 
preserved (Arkin et al., 2008). 

Resistance exercise training is recommended for preventing 
weight gain and reducing the risk of obesity associated cardio- 
vascular risk (Mason et al., 2007) and may reduce the ill effects 
of chronic stress on cardiovascular function (i.e., psychologi- 
cal stressors) (Paine et al., 2013). A previous study found that 
resistance exercise training (2 days per week) for 18 weeks had 
no effect on endothelial function in healthy post-menopausal 



women (Casey et al., 2007), while others have found improve- 
ments in endothelial function after 16 weeks of resistance exercise 
when combined with other lifestyle interventions of aerobic exer- 
cise and calorie reduction (Cotie et al., 2014). Acute resistance 
exercise increases blood flow intermittently, yields increased shear 
stress and improves nitric oxide (NO)-mediated vasodilation 
(Tinken et al., 2010). However, acute resistance exercise is asso- 
ciated with elevated systolic and diastolic blood pressures (Sale 
et al., 1994) to levels known to impair vascular function (Jurva 
et al., 2006). 

Previous studies on stress-induced cardiovascular dysfunc- 
tion have focused on the neural and hormonal regulation of 
cardiovascular function following acute psychological challenges 
(Chrousos, 2000, 2009). Research on the direct effects of acute 
physical stressors on vasodilator function and the contribution 
of obesity to these responses has been limited. In previous stud- 
ies from our laboratory brachial artery flow mediated dilation 
(FMD) was reduced following acute weight lifting in seden- 
tary compared to exercise-trained men, despite similar eleva- 
tions in blood pressure during exercise (Phillips et al., 2011). 
Resistance exercise is an important component of exercise pre- 
scription in overweight and obesity to promote lean body mass 
and insulin sensitivity (Laskowski, 2012). Therefore, there is a 
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FIGURE 1 | Two-week research study timeline. Subjects were screened 
at baseline (Visit 1) by way of questionnaires and a physical examination. 
Approximately 1 week later (Visit 2) brachial artery flow-mediated dilation 
(FMD) was assessed in all subjects prior to and after performance of a 
single bout of bilateral lower-body strenuous weight lifting (SWL). Subjects 
were administered nitroglycerin approximately 10 min after FMD for 
measurement of brachial artery endothelium-independent dilation (EID). 



need to determine the clinical impact of different modes of 
exercise (including resistance exercise) on vascular function in 
woman since (1) young women suffer a disproportionate burden 
of morbidity and mortality attributable to obesity and have higher 
morbidity and mortality rates after myocardial infarction com- 
pared to men (Maas et al., 2011) and (2) intense exercise which 
may be experienced particularly in the initial stages of an exercise 
program may be harmful to blood vessel function. For example, 
acute high intensity resistance exercise (>80% 1RM) can reduce 
brachial FMD (Phillips et al., 201 1; Choi et al, 2014). In contrast, 
moderate intensity, aerobic exercise (50-65% V02max) has been 
shown to improve FMD in lean individuals (Rooks et al, 2011) or 
reduce FMD in overweight individuals (Harris et al., 2008). The 
purpose of this study was to determine whether a single bout of 
weight lifting reduces FMD in sedentary obese women compared 
to lean woman in order to determine if obesity (in the absence of 
other risk factors) translates to more severe reductions in FMD 
following a strenuous exercise session. In addition, we sought to 
determine if changes in FMD associated with SWL and are greater 
in obese compared to lean women. We hypothesized that acute 
physical stress (in the form of a single session of weight lifting) 
will reduce vascular function and that this change is augmented 
in obese compared to sedentary lean women. 

MATERIALS AND METHODS 
STUDY POPULATION 

Seventeen women were studied and were recruited in the com- 
munity. Initially, each participant was screened by telephone and 
if inclusion criteria were met, they were invited for an in-person 
screening at which time eligibility was confirmed upon comple- 
tion of a medical and exercise history questionnaire and physical 
examination. We included woman who were 18-40 years of age, 
obese (OB) (BMI 30.0-40.0 kg/m 2 ) or lean (LN) (BMI 18.5- 
24.9 kg/m 2 ), and sedentary (less than 150 min of moderate physi- 
cal activity/week) We excluded individuals with a history of CVD, 
diabetes mellitus or thyroid dysfunction, woman who were preg- 
nant or recently pregnant and lactating, woman with a history of 
cancer, history of smoking (for at least 6 months prior to partic- 
ipation), amenorrhea or irregular menses, and use of vasoactive 
medications. Written informed consent was obtained prior to 
participation. The study protocol was approved by the Office for 
the Protection of Research Subjects and the Institutional Review 
Board of the University of Illinois at Chicago. 

STUDY DESIGN, BIOCHEMICAL, BLOOD PRESSURE, AND BODY 
COMPOSITION MEASUREMENTS 

All individuals were evaluated at the University of Illinois at 
Chicago, Clinical Research Center after a 12-h overnight fast 
between 0700 and 1100 in a temperature controlled study suite. 
Figure 1 is a schematic summarizing the study design. Subjects 
were screened for eligibility at Visit 1. Approximately 1 week 
later (Visit 2) brachial artery flow-mediated dilation (FMD) 
was assessed in all subjects prior to and 30 min after perfor- 
mance of a single bout of bilateral lower-body strenuous weight 
lifting (SWL). Venous blood samples were drawn before and 
immediately following resistance exercise from an antecubital 
vein. 



Plasma was separated by centrifugation for off-site laboratory 
analysis of total cholesterol, high-density lipoproteins (HDLs), 
low-density lipoproteins (LDLs), and glucose (Alverno Clinical 
Laboratories, LLC; Hammond, IN). Total cholesterol, HDLs, 
LDLs, and triglycerides were measured using spectrophotometric 
assays with intra-assay variances of 1.4, 3.0, 2.5, and 2.0%, respec- 
tively. Glucose concentration was measured using the glucose 
oxidase procedure (Beckman Autoanalyser II; Beckman Coulter 
Inc.; Fullerton, CA) with intra-assay variance of 1.5%. Systolic 
blood pressure (SBP) and diastolic blood pressure (DBP) were 
measured after at least 10 min of rest using a standard man- 
ual mercury sphygmomanometer with an appropriate cuff size 
and during the last repetition of each set of exercise. Waist cir- 
cumference was measured at the narrowest part of the waist 
(above the umbilicus and below the xiphoid process) (Ohrvall 
et al, 2000). Body composition was determined by dual energy x- 
ray absorptiometry (DEXA) using established methods (Mattila 
et al, 2007). 

DETERMINATION OF VASODILATOR FUNCTION 

Brachial artery FMD was used as a measure of endothe- 
lium dependent vasodilation (EDV) using techniques previously 
described (Corretti et al, 2002; Phillips et al, 2011). In pre- 
menopausal women, FMD may vary during the menstrual cycle 
(Hashimoto et al, 1995); therefore, subjects were recruited dur- 
ing the early follicular phase of menses. In the supine state, 
ultrasound imaging (MicroMaxx; Sonosite; Seattle, WA) of the 
brachial artery was performed in a longitudinal plane at a site 
1-3 cm proximal to the antecubital fossa of the arm (Phillips 
et al., 2011). Baseline images were recorded and a blood pres- 
sure cuff was placed on the forearm and inflated to 50 mmHg 
above SBP for 5 min. Arterial diameter was determined during 
peak hyperemia after release of the blood pressure cuff from the 
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forearm. To assess dilation, 10 s of images were captured 1-3 min 
after cuff release. Flow velocity was recorded at baseline and just 
after cuff release where maximal velocity was observed. Brachial 
artery reactivity to FMD was assessed before and 30 min follow- 
ing a single bout of SWL. The original position of the ultrasound 
probe was marked and measured according to the distance from 
the antecubital crease and the post-exercise examination was per- 
formed in the same position. Ten minutes after recording the 
last brachial artery diameter measurement following exercise, EID 
was determined with 0.4 mg of sublingual nitroglycerin (NTG) 
for 5 min. Since there is a blood pressure lowering effect of NTG 
making it unsafe to administer immediately prior to maximal 
exercise, we analyzed NTG dilations in a separate group of age 
and BMI matched adults who did not perform exercise. All ultra- 
sonographic images were recorded and transferred to a PC for 
offline analysis of FMD and NTG responses using edge-detection 
software (Medical Imaging; Iowa City, IA). The coefficient of vari- 
ation for FMD% was 6.3 and 3.2% for NTG-induced dilation. To 
estimate brachial artery wall shear stress, peak shear rates (SR) 
were calculated during FMD using the following equation: peak 
SR = maximal flow velocity (mm/s) -r- diameter (mm). FMD 
was normalized for the peak SR using the following equation: 
normalized FMD = FMD 4- peak SR (Phillips et al, 201 1). 

EXERCISE PROTOCOL 

The exercise protocol involved performance of a single bout 
of bilateral lower-body weight lifting using a variable-resistance 
leg press machine (Hoist HD-1610 Selectorized Leg Press; Hoist 
Fitness Systems; San Diego, CA). After becoming familiarized 
with the leg press machine, participants performed a warm up 
period of 1-2 sets of 10 repetitions at a perceived capacity of 
approximately 30-40% of 1 -repetition maximum (RM; calculated 
with a prediction equation) (Kemmler et al., 2006). Then 3-4 
sets of 10 repetitions at a perceived capacity of approximately 80- 
90% of 1-RM performed with a final isometric hold. A 2-min rest 
interval was allotted between each set. Exercise heart rate and the 
10-point Borg rating of perceived exertion (RPE) scale were used 
as indices of intensity after each set. However, all volunteers com- 
pleted a minimum of 4 sets of 10 repetitions or to failure on the 
final set. The RPE scale was not used as an intensity threshold 
since (1) the perceived capacity was 80-90% 1RM and (2) the goal 
was to elicit similar increases in BP between participants (lurva 
etal, 2006). 

STATISTICS 

Results are expressed as mean ± standard deviation (SD), unless 
otherwise stated. Normality of the distribution was confirmed for 
all data using the Shapiro-Wilk test. Differences in physiological 
and physical characteristics (lipid panels, glucose measurements, 
vital signs, and anthropometric measurements) as well as dietary 
characteristics between OB and LN subjects were compared using 
student f-test. Pre-post differences in hemodynamic and vas- 
cular characteristics were compared using paired r-test within 
OB and LN groups. The mixed effects model was performed 
to examine the effects of acute resistance exercise between OB 
and LN subjects on hemodynamic and vascular variables includ- 
ing brachial artery diameter, maximum percentage change in 



diameter (FMD), and normalized FMD. For each outcome vari- 
able, group (OB vs. LN), time (pre vs. post) and group*time 
interaction were modeled as fixed effects and subject intercept 
was modeled as random effect. Using only baseline data, we also 
conducted linear regression analyses to investigate the association 
of obesity with brachial artery FMD, independent of potential 
confounding effects. Pearson's correlations were used to evalu- 
ate how brachial artery reactivity to FMD and NTG responses 
relate to physiological and physical characteristics. Throughout 
the paper the effect size was computed using Cohen (1988). 
Cohen's d is an appropriate effect size for the comparison between 
two means. It indicates the standardized difference between two 
means, and expresses this difference in SD units (A mean/SD). 
Due to its pilot nature, we did not perform a formal power 
analysis for the current study. With sample size of 8 and 9 in 
each group, the study will have approximately 80% power to 
detect a large effect size of 1.5 standard unit mean difference 
between OB and LN using a two-sided alpha of 0.05. The results 
of our data could provide a more precise power estimate for 
future studies. Throughout the paper, the level of statistical sig- 
nificance for all analyses was set at two-sided P < 0.05. Data 
were analyzed using SPSS software (Version 19.0; IBM Corp., 
Armonk, NY). 

RESULTS 

BASELINE AND VASCULAR CHARACTERISTICS 

Baseline characteristics for the OB (n = 9) and LN (n = 8) 
women who underwent a single bout of SWL are presented 
in Table 1. As was expected, body weight was significantly dif- 
ferent between sedentary OB and LN women. In addition, all 
body weight- related characteristics including BMI, body fat per- 
centage, and waist circumference were significantly different 
between OB and LN women. Total cholesterol and LDL choles- 
terol were also higher in OB compared to LN women. Table 2 
shows hemodynamic and vascular characteristics before and after 



Table 1 | Cardio-metabolic characteristics of study participants. 





Lean (n = 8) 


Obese (n = 9) 


P-value 


Height, cm 


164.7±8.2 


160.0±7.8 


0.238 


Weight, kg 


58.4 ±6.5 


88.5±16.0* 


<0.001 


BMI, kg/m 2 


21.5±1.4 


34.2 ±3.3* 


<0.001 


Body fat (%) 


27.3±7.4 


42.8 ±4.5* 


<0.001 


Waist circumference, cm 


71.7±5.1 


95.2 ±7.8* 


<0.001 


Total cholesterol, mmol/l 


4.0 ±0.6 


5.0 ±0.6* 


0.016 


LDL, mmol/l 


2.0±0.6 


2.8±0.6* 


0.005 


HDL, mmol/l 


1.6 ±0.3 


1.4 ±0.3 


0.163 


Glucose, mmol/l 


4.6 ±0.6 


4.9 ±0.3 


0.375 


Maximum SBR mm/Hg 


187.8±25.7 


188.5±18.0 


0.740 


Maximum DBF; mm/Hg 


123.5±12.2 


114.0±11.1 


0.556 


Maximum weight lifted, kg 


103.6±11.0 


107.3±10.2 


0.639 


Maximum heart rate (bpm) 


130.9±8.9 


137.4±7.1. 


0.09 



All values expressed as mean <± SD). *P < 0.05, Statistically significant. BMI, 
body mass index; LDL, low density lipoprotein; HDL, high density lipoprotein; 
SBf? systolic blood pressure; DBR diastolic blood pressure. 
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Table 2 | Hemodynamic and vascular characteristics of participants. 



Lean (n = 8) Obese (n = 9) 





Before SWL 


After SWL 


Cohen's d 


P-value 


Before SWL 


After SWL 


Cohen's d 


P-value 


Resting heart rate, beats/min 


65.0±8.5 


70.1 ±9.6 


0.56 


0.078 


69.7 ±11 


70.9 ±11 


0.11 


0.790 


Systolic BP mm Hg 


103.8±7.4 


105.3 ±10 


0.17 


0.332 


119.9±10 


119±8 


0.01 


0.65 


Diastolic BP mm/Hg 


60.6 ±3.4 


63.9 ±6.2 


0.66 


0.063 


76.6 ±9 


75± 13 


0.14 


0.24 


Baseline diameter, mm 


3.2 ±0.3 


3.1 ±0.03 


0.47 


0.596 


3.4 ±0.3 


3.4 ±0.3 


0.30 


0.447 


Brachial artery FMD (%) 


8.5±3.7 


6.4±4.5 


0.51 


0.193 


10.7 ±1.2 


8.3 ±1.8* 


1.57 


0.002 


Baseline BFV, cm/s 


85.3 ±15.5 


90.5 ±40 


0.17 


0.615 


64.4 ± 21. 3 1 " 


72.7 ±26 


0.35 


0.270 


Peak BFV, cm/s 


136.7 ±40 


140.7 ±40 


0.10 


0.779 


135.1 ±37.8 


143.4±43 


0.21 


0.415 


Baseline SR, s _1 


267.2 ±47 


287.8 ±112 


0.24 


0.676 


193.9 ±63 


218.8±91 


0.32 


0.561 


PeakSR, s" 1 


385.6 ±130 


421.1 ±81 


0.33 


0.468 


375.0 ±123 


404.9 ±189 


0.19 


0.365 


Normalized FMD 


0.018±0.011 


0.011 ±0.01 


0.67 


0.102 


0.032 ±0.009 


0.024 ±0.009* 


0.89 


0.008 



All values expressed as mean (±SD). *P < 0.05, Statistically significant compared to Before SWL (P < 0.05). BP blood pressure; FMD, flow-mediated dilation; SR, 
shear rate; BFV, blood flow velocity; FMD A, absolute change in FMD; NTG, nitroglycerin; ND, not determined. 




Lean Obese 



FIGURE 2 | The effect of a single bout of strenuous weight lifting 
(SWL) on brachial artery flow-mediated dilation (FMD) in lean (LN) and 
obese (OB) sedentary women. 'Significant difference observed after SWL 
vs. before SWL (p < 0.05). 



SWL. Although the participants were not hypertensive (SBP < 
140mmHg), between-group comparisons showed significantly 
increased SBP and DBP levels in the OB compared to LN women. 
In addition, FMD and normalized FMD was reduced after com- 
pared to before SWL in OB but not in LN women (Table 2). None 
of the interactions between group and time for hemodynamic and 
vascular variables listed in Table 2 were found significant in the 
mixed effects ANOVA models. 

EFFECTS OF ACUTE EXERCISE ON BRACHIAL FLOW AND NTG 
DILATIONS 

The RPE during the last repetition was 9.4 ± 0.7 in obese and 
9.5 ± 0.8 in lean women. Brachial artery FMD was significantly 
reduced after SWL in OB group but not in LN group (Figure 2). 
In the mixed models, however, the Group* SWL interaction was 
not significant, indicating that the slop of change in brachial 
artery FMD was not difference between LN and OB groups after 
SWL. There was a significant SWL effect (b = -0.024, p = 0.038) 
suggesting that the overall brachial artery FMD was significantly 
reduced after the SWL exercise (Table 3). NTG-dilation was lower 
in OB (21.6 ± 1.3%) compared to LN women (27.6 ± 2.1%, 
p = 0.02) (Figure 3A) and this response was negatively corre- 
lated with body weight (r = -0.70, p = 0.01) (Figure 3B), BMI 
(r = 0.62, p = 0.02), and WC (r = 0.67, p = 0.03) but not com- 
pletely with %BF (r = 0.41, p = 0.10). Furthermore, correlations 
were independent of other physiological and physical charac- 
teristics. In separate studies (n = 12) obese women recruited to 
perform NTG dilations before exercise had similar NTG dilation 
(21.9 ± 1.9%) compared to after SWL. 

DISCUSSION 

The major findings of this study are that: (1) a single bout 
of strenuous physical stress (induced by weight lifting) reduces 
EDV in obese women who are sedentary, and (2) nitroglycerin- 
induced endothelium-independent dilation are reduced in seden- 
tary obese compared to sedentary lean women measured after a 
single bout of SWL. 



Table 3 | Mixed effects model on brachial artery FMD (%). 



Effect 


Coefficient 
estimate [b) 


Standard 
error (SE) 


P-value 


Intercept 


0.083 


0.010 


<0.0001 


Group (LN vs. OB) 


-0.018 


0.014 


0.2185 


SWL (post vs. pre) 


-0.024 


0.011 


0.0383 


Group*SWL interaction 


0.002 


0.015 


0.9125 



'Mixed effects model was performed using maximum likelihood method with 
unstructured covariance. 



VASCULAR REACTIVITY AND ACUTE EXERTION IN OBESITY 

Under normal physiologic conditions, NO is the chief vasodila- 
tor released by the endothelium and functions in modulating 
smooth muscle tone and inflammation (Vanhoutte et al., 2009). 
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In addition, NO has anti-proliferative effects on the vascular 
wall and plays a critical role in vasodilation under conditions of 
increased blood flow (Landmesser et al., 2004). During increased 
flow, ROS are also produced by endothelial nitric oxide syn- 
thase (eNOS) but are usually scavenged by vascular antioxidant 
enzymes and, subsequently, NO diffuses into adjacent smooth 
muscle cells and mediates vasodilation (Wolin, 2000). 

Repetitive increases in blood flow during chronic exercise 
training have been shown to improve NO-mediated vasodilation 
as assessed by FMD (Walsh et al, 2003; Olson et al., 2006) and 
may protect against vascular dysfunction through regulation of 
eNOS and reduction of oxidative stress (Hambrecht et al., 2003). 
However, acute exercise induces oxidative stress in individuals 
who are unaccustomed to exercise training by enhancing vascular 
ROS production, which contributes to a decrease in NO bioavail- 
ability and impairs FMD. Similar to previous studies (Phillips 
et al., 2011), brachial artery FMD after a single bout of weight 
lifting was reduced in sedentary adults (Table 2). Since a seden- 
tary lifestyle is closely linked to obesity and both are associated 
with vascular dysfunction and increased risk of CVD, we hypoth- 
esized the degree of FMD impairment to be augmented in OB 
compared to LN adults. Although FMD was reduced in sedentary 
OB adults after SWL, the absolute difference (pre- vs. post-SWL) 
was similar between groups. Other studies have found impaired 
FMD responses after acute aerobic exercise in sedentary over- 
weight and obese men (Harris et al, 2008). Other studies found 
reduced FMD following hand grip exercise in individuals at risk 
of CVD (McGowan et al., 2006). To our knowledge, this is the first 
study to determine the effects of acute resistance exercise on FMD 
responses in obese women. 

Previous studies showed that vascular smooth muscle 
responses to NTG are impaired in the presence of obesity (Ayer 
et al, 2011) and other CVD risk factors (Raitakari et al, 2004; 
Adams et al., 2005); however, other studies examining NTG- 
dilations in obesity independent of other risk factors suggest 
that it is preserved. Of considerable interest were the findings 
in this study that brachial artery EID responses to NTG were 
lower in OB compared to LN women (Figure 3). This result 



may represent a mechanistically different effect of exercise on 
FMD whereby vascular sensitivity to NO may contribute to 
reduce FMD in obesity compared to lean adults. Moreover, NTG- 
induced dilation after acute resistance exercise was associated 
with body weight, BMI, and WC with a tendency to correlate 
with %BF but not the other metabolic risk factors assessed (i.e., 
total cholesterol and LDL cholesterol). Although SBP and DBP 
were higher in OB women, there was no relationship between 
baseline values and NTG-induced vasodilation. Taken together, 
these data suggest an independent link between obesity and 
reduced vascular smooth muscle function after a single bout 
of SWL. 

Both inflammation and oxidative stress could influence EID by 
reducing bioconversion of NTG to or scavenging of NO in smooth 
muscle (Schulz et al, 2002). In fact, obesity is associated with a 
pro-inflammatory milieu characterized by increased production 
of pro-atherogenic adipokines that enhance production of pro- 
inflammatory cytokines and increase ROS generation promoting 
oxidative stress (Tilg and Moschen, 2006). Acute resistance and 
aerobic exercise has been shown to increase plasma markers of 
oxidative stress in obesity (Vincent et al., 2004). Future studies 
will focus on the specific vascular effects of acute resistance exer- 
cise and other physical stressors on smooth muscle sensitivity to 
NO during obesity. 

STUDY LIMITATIONS 

There are some limitations of this study. First, the generalizabil- 
ity of the study is a limited to flow mediated dilation responses in 
women up to an hour following acute exertion. However, given 
that the burden of CVD is increasing in women, the results of 
this study contribute to a better understanding of the mechanisms 
by which exercise influences vascular health in women. Sex spe- 
cific influences of physical stress on endothelium-dependent and 
endothelium-independent vasodilator responses may be impor- 
tant considerations in the future. Second, we were unable to 
evaluate the effects of NTG in sedentary OB and LN adults 
before a single bout of SWL due to the residual vasodilator 
effects of NTG on blood pressure during exercise. However, we 
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FIGURE 3 | (A) Nitroglycerin (NTG)-induced dilation of the brachial artery 
in lean (LN) and obese (OB) sedentary women after a single bout of 
strenuous weightlifting (SWL). 'Significant difference observed in OB vs. 
LN (p < 0.05). (B) Correlation between nitroglycerin (NTGHnduced 



dilation of the brachial artery and body weight in sedentary women 
after a single bout of strenuous weight lifting (SWL). There was a 
negative correlation between brachial artery NTG-induced dilation and 
body weight (r=-0.70, p<0.01). 
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have found that NTG dilations in a similar cohort of obese 
subjects were similar before and after exercise (Mean: 21% ± 
1.4) suggesting that lower NTG dilation in obese women is not 
mediated by weight lifting. Third, CVD risk factors may have 
influenced NTG-dilations after SWL in OB adults since base- 
line blood pressure, total cholesterol, and LDL levels were higher 
compared to LN adults. However, in our analysis there were no 
relationships between these CVD risk factors and EID after acute 
resistance exercise. Finally, our results may have been confounded 
by nutritional variation and that the % body fat in the lean 
group was 27% a level that may be associated with metabolic 
dysfunction. There was no relationship between % body 
fat and FMD. 

CLINICAL INSIGHTS AND CONCLUSIONS 

In conclusion, our results suggest that acute physical stress 
induced by resistance exercise reduces FMD in obese women who 
are sedentary. Atherosclerotic CVD is a leading cause of pre- 
ventable death among women between the ages of 25 and 44 and 
a large majority of women with CVD are asymptomatic (Maas 
et al., 2011) which makes early detection difficult. Since FMD 
correlates well with coronary artery function (Hashimoto et al., 
2000) the results of our studies may extend to predict CVD risk 
among young women since acute exertion often triggers myocar- 
dial infarction in individuals who are sedentary (Mittleman et al., 
1993). 

In addition, endothelium-independent dilation to nitroglyc- 
erin was reduced in sedentary obese compared to lean women 
suggesting changes in vasodilator sensitivity of blood vessels 
to NO in obese adults. Reduced arterial function (FMD) and 
reduced sensitivity to NO donors (NTG) after acute physical 
exertion may be an important composite marker for future CV 
risk in young obese women without baseline arterial dysfunction 
or overt disease. Furthermore, these findings may be important 
in understanding the link between obesity and vascular dys- 
function and may have important implications for how vascular 
and hemodynamic responses to other acute physiological per- 
turbations such as acute hypertension, systemic hypoxemia, and 
hyperglycemia are altered during obesity. 

ACKNOWLEDGMENTS 

We would like to thank Weihua Gao and Hajwa Kim (UIC) 
for their statistical assistance. This work was supported by the 
National Heart, Lung, and Blood Institute grants K23HL85614, 
RO1HL095701, and HL095701-01A2S to Shane A. Phillips. This 
project was also supported by the University of Illinois at Chicago, 
Center for Clinical and Translational Science (CCTS), Award 
Number UL1RR029879 from the National Center for Research 
Resources. The content is solely the responsibility of the authors 
and does not necessarily represent the official views of the 
National Center for Research Resources or the National Institutes 
of Health. 

REFERENCES 

Adams, V., Linke, A., Krankel, N., Erbs, S., Gielen, S., Mobius-winkler, S., et al. 
(2005). Impact of regular physical activity on the NAD(P)H oxidase and 
angiotensin receptor system in patients with coronary artery disease. Circulation 
111, 555-562. doi: 10.1161/01.CIR.0000154560.88933.7E 



Al, S. J., Higano, S. X, Holmes, D. R. Jr., Lennon, R., and Lerman, A. (2001). 
Obesity is independently associated with coronary endothelial dysfunction in 
patients with normal or mildly diseased coronary arteries. /. Am. Coll. Cardiol 
37, 1523-1528. doi: 10.1016/S0735-1097(01)01212-8 

Anfossi, G., Russo, I., Doronzo, G., Pomero, A., and Trovati, M. (2010). 
Adipocytokines in atherothrombosis: focus on platelets and vascular smooth 
muscle cells. Mediators Inflamm. 2010:174341. doi: 10.1155/2010/174341 

Arkin, J. M., Alsdorf, R., Bigornia, S„ Palmisano, J., Beal, R., Istfan, N., et al. (2008). 
Relation of cumulative weight burden to vascular endothelial dysfunction in 
obesity. Am. }. Cardiol. 101, 98-101. doi: 10.1016/j.amjcard.2007.07.055 

Ayer, J. G., Harmer, J. A., David, C, S Steinbeck, K., Seale, J. P., and Celermajer, 
D. S. (2011). Severe obesity is associated with impaired arterial smooth 
muscle function in young adults. Obesity (Silver. Spring) 19, 54-60. doi: 
10.1038/oby.2010.114 

Casey, D. P., Pierce, G. L., Howe, K. S., Mering, M. C, and Braith, R. W. (2007). 
Effect of resistance training on arterial wave reflection and brachial artery 
reactivity in normotensive postmenopausal women. Eur. J. Appl. Physiol. 100, 
403-408. doi: 10.1007/s00421-007-0447-2 

Choi, Y., Akazawa, N., Miyaki, A., Ra, S. G., Shiraki, H., Ajisaka, R., et al. (2014). 
Acute effect of high-intensity eccentric exercise on vascular endothelial func- 
tion in young men. /. Strength. Cond. Res. doi: 10.1519/JSC.0000000000000536. 
[Epub ahead of print]. 

Chrousos, G. P. (2000). The role of stress and the hypothalamic- pituitary-adrenal 
axis in the pathogenesis of the metabolic syndrome: neuro -endocrine and target 
tissue-related causes. Int. J. Obes. Relat. Metab. Disord. 24(Suppl. 2), S50-S55. 
doi: 10.1038/sj.ijo.0801278 

Chrousos, G. P. (2009). Stress and disorders of the stress system. Nat. Rev. 
Endocrinol. 5, 374-381. doi: 10.1038/nrendo.2009.106 

Cohen, J. (1988). "Analysis of variance," in Statistical Power Analysis for the 
Behavioral Sciences, 2nd Edn. (Hillsdale, NJ: Lawrence Erlbaum Associates), 
273-406. 

Corretti, M. C, Anderson, T. J., Benjamin, E. J., Celermajer, D., Charbonneau, 
R, Creager, M., et al. (2002). Guidelines for the ultrasound assessment of 
endothelial- dependent flow-mediated vasodilation of the brachial artery: a 
report of the International Brachial Artery Reactivity Task Force. /. Am. Coll. 
Cardiol. 39, 257-265. doi: 10.1016/S0735-1097(01)01746-6 

Cotie, L. M„ Josse, A. R., Phillips, S. M., and Macdonald, M. J. (2014). 
Endothelial function increases after a 16-week diet and exercise intervention 
in overweight and obese young women. Biomed. Res. Int. 2014:327395. doi: 
10.1155/2014/327395 

Flegal, K. M., Carroll, M. D., Kit, B. K., and Ogden, C. L. (2012). Prevalence of 
obesity and trends in the distribution of body mass index among US adults, 
1999-2010. JAMA 307, 491-197. doi: 10.1001/jama.2012.39 

Hambrecht, R., Adams, V., Erbs, S., Linke, A., Krankel, N., Shu, Y., 
et al. (2003). Regular physical activity improves endothelial function 
in patients with coronary artery disease by increasing phosphorylation 
of endothelial nitric oxide synthase. Circulation 107, 3152-3158. doi: 
10.1161/01.CIR.0000074229.93804.5C 

Harris, R. A., Padilla, J., Hanlon, K. P., Rink, L. D., and Wallace, J. P. (2008). 
The flow-mediated dilation response to acute exercise in overweight active and 
inactive men. Obesity. (Silver. Spring) 16, 578-584. doi: 10.1038/oby.2007.87 

Hashimoto, M., Akishita, M., Eto, M., Ishikawa, M., Kozaki, K., Toba, K., et al. 
(1995). Modulation of endothelium-dependent flow-mediated dilatation of the 
brachial artery by sex and menstrual cycle. Circulation 92, 3431-3435. doi: 
10.1161/01.CIR.92.12.3431 

Hashimoto, M., Kozaki, K., Eto, M., Akishita, M., Ako, J., Iijima, K., et al. 
(2000). Association of coronary risk factors and endothelium-dependent flow- 
mediated dilatation of the brachial artery. Hypertens. Res. 23, 233-238. doi: 
10.1291/hypres.23.233 

Jurva, J. W., Phillips, S. A., Syed, A. Q., Syed, A. Y, Pitt, S., Weaver, A., 
et al. (2006). The effect of exertional hypertension evoked by weight lift- 
ing on vascular endothelial function. /. Am. Coll. Cardiol. 48, 588-589. doi: 
10.1016/j.jacc.2006.05.004 

Kemmler, W. K., Lauber, D., Wassermann, A., and Mayhew, J. L. (2006). Predicting 
maximal strength in trained postmenopausal woman. /. Strength Cond. Res. 20, 
838-842. doi: 10.1519/R-18905.1 

Landmesser, U., Hornig, B., and Drexler, H. (2004). Endothelial function: 
a critical determinant in atherosclerosis? Circulation 109, II27-II33. doi: 
10.1 161/01.CIR.0000129501. 88485. If 



Frontiers in Physiology | Clinical and Translational Physiology 



July 2014 | Volume 5 | Article 253 | 6 



Franklin et al. 



Vascular function and acute exertion 



Laskowski, E. R. (2012). The role of exercise in the treatment of obesity. PM R 4, 
840-844; quiz 844. doi: 10.1016/j.pmrj.2012.09.576 

Maas, A. H., van der Schouw, Y. T., Regitz-Zagrosek, V., Swahn, E., Appelman, Y. E., 
Pasterkamp, G., et al. (2011). Red alert for women's heart: the urgent need for 
more research and knowledge on cardiovascular disease in women: proceedings 
of the workshop held in Brussels on gender differences in cardiovascular disease, 
29 September 2010. Eur. Heart J. 32, 1362-1368. doi: 10.1093/eurheartj/ehr048 

Mason, C, Brien, S. E., Craig, C. L., Gauvin, L., and Katzmarzyk, P. T. (2007). 
Musculoskeletal fitness and weight gain in Canada. Med. Sci. Sports Exerc. 39, 
38-43. doi: 10.1249/01.mss.0000240325.46523.cf 

Mattila, V. M., Tallroth, K., Marttinen, M., and Pihlajamaki, H. (2007). Physical 
fitness and performance. Body composition by DEXA and its association with 
physical fitness in 140 conscripts. Med. Set. Sports Exerc. 39, 2242-2247. doi: 
10.1249/mss.0b013e318155a813 

McGowan, C. L., Levy, A. S., Millar, P. J., Guzman, J. C, Morillo, C. A., McCartney, 
N., et al. (2006). Acute vascular responses to isometric handgrip exercise and 
effects of training in persons medicated for hypertension. Am. /. Physiol Heart 
Circ. Physiol 291, H1797-H1802. doi: 10.1 152/ajpheart.Ol 113.2005 

Mittleman, M. A., Maclure, M., Tofler, G. H., Sherwood, J. B., Goldberg, R. J., and 
Muller, J. E. (1993). Triggering of acute myocardial infarction by heavy phys- 
ical exertion. Protection against triggering by regular exertion. Determinants 
of Myocardial Infarction Onset Study Investigators. N. Engl. J. Med. 329, 
1677-1683. doi: 10.1056/NEJM199312023292301 

Mosca, L., Manson, J. E., Sutherland, S. E., Langer, R. D., Manolio, T, and Barrett- 
Connor, E. (1997). Cardiovascular disease in women: a statement for healthcare 
professionals from the American Heart Association. Writing Group. Circulation 
96, 2468-2482. doi: 10.1161/01. CIR.96.7.2468 

Ohrvall, M., Berglund, L., and Vessby, B. (2000). Sagittal abdominal diameter com- 
pared with other anthropometric measurements in relation to cardiovascular 
risk. Int. J. Obes. Relat. Metab. Disord. 24, 497-501. doi: 10.1038/sj.ijo.0801186 

Olson, T. P., Dengel, D. R., Leon, A. S., and Schmitz, K. H. (2006). Moderate resis- 
tance training and vascular health in overweight women. Med. Sci. Sports Exerc. 
38, 1558-1564. doi: 10.1249/01.mss.0000227540.58916.0e 

Paine, N. J., Ring, C, Aldred, S., Bosch, J. A., Wadley, A. J., and Veldhuijzen van 
Zanten, J. J. (2013). Eccentric-exercise induced inflammation attenuates the 
vascular responses to mental stress. Brain Behav. Immun. 30, 133-142. doi: 
10.1016/j.bbi.2013.01.082 

Phillips, S. A., Das, E., Wang, J., Pritchard, K., and Gutterman, D. D. (2011). 
Resistance and aerobic exercise protects against acute endothelial impairment 
induced by a single exposure to hypertension during exertion. /. Appl Physiol. 
110, 1013-1020. doi: 10.1152/japplphysiol.00438.2010 

Raitakari, M., Ilvonen, T, Ahotupa, M., Lehtimaki, T, Harmoinen, A., Suominen, 
P., et al. (2004). Weight reduction with very-low-caloric diet and endothelial 
function in overweight adults: role of plasma glucose. Arterioscler. Thromb. Vase. 
Biol 24, 124-128. doi: 10.1161/01.ATV.0000109749.11042.7c 

Rooks, C. R., McCully, K. K., and Dishman, R. K. (2011). Acute exercise improves 
endothelial function despite increasing vascular resistance during stress in 
smokers and nonsmokers. Psychophysiology 48, 1299-1308. doi: 10.1111/j.l469- 
8986.2011.01194.x 



Sale, D. G., Moroz, D. E., McKelvie, R. S., Macdougall, J. D, and McCartney, N. 
(1994). Effect of training on the blood pressure response to weight lifting. Can. 
J. Appl. Physiol 19, 60-74. doi: 10.1139/h94-004 

Schulz, E., Tsilimingas, N., Rinze, R., Reiter, B., Wendt, M., Oelze, M., et al. 
(2002). Functional and biochemical analysis of endothelial (dys)function 
and NO/cGMP signaling in human blood vessels with and without nitro- 
glycerin pretreatment. Circulation 105, 1170-1175. doi: 10.1161/hcl002. 
105186 

Sturm, W., Sandhofer, A., Engl, J., Laimer, M., Molnar, C, Kaser, S., et al. (2009). 
Influence of visceral obesity and liver fat on vascular structure and function 
in obese subjects. Obesity (Silver. Spring) 17, 1783-1788. doi: 10.1038/oby. 
2009.81 

Tilg, H., and Moschen, A. R. (2006). Adipocytokines: mediators linking adi- 
pose tissue, inflammation and immunity. Nat. Rev. Immunol. 6, 772-783. doi: 
10.1038/nril937 

Tinken, T. M., Thijssen, D. H., Hopkins, N., Dawson, E. A., Cable, N. T., and Green, 
D. J. (2010). Shear stress mediates endothelial adaptations to exercise training 
in humans. Hypertension 55, 312-318. doi: 10.1161/HYPERTENSIONAHA.109. 
146282 

Vanhoutte, P. M., Shimokawa, H., Tang, E. H., and Feletou, M. (2009). Endothelial 
dysfunction and vascular disease. Acta Physiol. (Oxf). 196, 193-222. doi: 
10.1 1 1 l/j.l748-1716.2009.01964.x 

Vincent, H. K., Morgan, J. W., and Vincent, K. R. (2004). Obesity exacerbates oxida- 
tive stress levels after acute exercise. Med. Sci. Sports Exerc. 36, 772-779. doi: 
10.1249/01.MSS.0000126576.53038.E9 

Walsh, J. H., Bilsborough, W, Maiorana, A., Best, M., O'Driscoll, G. J., Taylor, R. 
R-, et al. (2003). Exercise training improves conduit vessel function in patients 
with coronary artery disease. /. Appl. Physiol. 95, 20-25. doi: 10.1 152/japplphys- 
iol.00012.2003 

Wolin, M. S. (2000). Interactions of oxidants with vascular signaling systems. 
Arterioscler. Thromb. Vase. Biol. 20, 1430-1442. doi: 10.1161/01.ATV.20.6.1430 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 15 February 2014; accepted: 17 June 2014; published online: 07 July 2014. 
Citation: Franklin NC, AH M, Goslawski M, WangE and Phillips SA (2014) Reduced 
vasodilator function following acute resistance exercise in obese women. Front. Physiol. 
5:253. doi: 10.3389/fphys.2014.00253 

This article was submitted to Clinical and Translational Physiology, a section of the 
journal Frontiers in Physiology. 

Copyright © 2014 Franklin, AH, Goslawski, Wang and Phillips. This is an open- 
access article distributed under the terms of the Creative Commons Attribution 
license (CC BY). The use, distribution or reproduction in other forums is permit- 
ted, provided the original author(s) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these 
terms. 



www.frontiersin.org 



July 2014 | Volume 5 | Article 253 | 7 



